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By George F. Kinghorn,.Albert H. Schroeder
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SUMMARY

A study has been made of the heat-transfer processes
in liquid-cooled englnes and an equation has been developed
that relates the heat rejlectlon to the coolent and the
engine operating conditlons. Tests of an Allison

" V=3),20-11. englne have been made to check the accuracy of
the equation and to establish the cooling characteristios
of the engine. By determining the few constants of the
equation, ths heat rejection to the coolant may be pre-
dicted with good eccuracy for any particular engline
overating condition. The tests showed that the rate of
heat dissipation to the coolant was only slightly affected
by elther the rate of coolant flow or the relative pro-
portioms of ethylens. glycol and water composing the coolant
mixture.

INTRODUCTION

An enealysis has ‘been made of the heat-transfer pro-
cesses in liquld-cooled engines to determine the effects
of’ the various engine and cooling parameters upon the heat
rejection to the coolants Thls analysis parallels the
enalyslis of heat-tranafer processes in air-cooled engines
presented in .reference 1.

In the analyslis of reference 1, equations were
developed thiat relate the cylinder temperatures and the
engine operating conditions. These equetions have proved
very useful 1n providing a means of completely determining
the cooling characteristics of alr-cooled engineswith a
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minimum of testing. In the present refort somewhat
similar equations are developed thet give the heat rejec-
tion of liquid-cooled engines as a function of the engline
operating conditions.

Tests of an Allison V-3420-11 2l-cylinder, liquid-
cooled engine installed in an XB-39 nacelle were made to
check the analysis and to determine the heat-rejection
characteristics of this engine., The tests were mede over
a wide range of engine operating conditions. The coolants
used were ethylene glycol, water, and two. mixtures of
ethylene glycol and water.

SYMBOLS

A, A', B, a, b, d, £f,,m, n constants

Cp speciflc. heat of fluid at constant pressure,
Btu per pound per °OF .

oy specific heat of alr at constant pressure, Btu per

a pound per °F
Cp specific heat of coolant at constant pressure,
c Btu per pound per °F

c speciflic heat of combuation gases at constant

Pg pressure, Btu per pound per °F

g acceleration due to gravity, feet per second per
second

H rate of heat transfer, Btu per esecond

Hq rate of heat transfer from cylinder walls to
coolant, Btu per second

Hg rate of heat tranafer from combustion gases to
cylinder walls, Btu per second

h surface heat-transfer coefficient, Btu per second
per square foot per Op

J mechanical equivalent of heeat, foot-pounds per Btu

thermal conduotivitg of fluid, Btu per second.per
square foot per “F through 1 foot
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thermal conductlvity of coolant, Btu per second
per square foot per °F through 1 foot

thermal conductivity of oombustion gases, Btu per
second per asquare foot per °F through 1 foot

linear dimension of fluld passageway, feetb
surface area in contact with fluld, square feet
average coolant temperature through engine, °F
carburetor-air temperature, °F

average temperature of fluld, Op

effective gas temperature, °F

effective gas temperature for 0° F intake-alr
temperature, °F

average cylinder-wall temperature, °F

temperature of cylinder wall measured with
embedded thermocouples at locations shown in

figure 3, °
average velocity of fluld, feet per second
impeller tip speed, feet per second .
coolant flow rate, pounds ﬁer second

engine-air flow rate, pounds per hour

‘blower temperature rise, °F

coolant temperature rise through engine, Op

absolute v%scqsity of’ fluid, slugs per second
per foo

absolutg viscoaity of coolant, slugs per second
per foot

absolute viscosity of oombustion gases, slugs
per second per foot '

density of fluid, slugs per cubic foot
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N -engine speed, rpm °
Pp manifold pressure, inches br mercury .absolute

P —
k M8 0.k
A-c/°po p.d
d\‘ k e
L B p,c (o]

e

correctlon factor appvlied to obtaln Z (fig. 9(b))
correction factor for fuel~alr ratio (fig. 13)

e

correction factor for engine speed (fig. 13)
ANALYSIS

An understanding of the factors determining the -
amount of heat rejected to the coolant in a liquid-cooled
engine can be obtalned from a study of the processes by
which heat 1s transferred from the combustion gases to
the cylinder walls and from the oylinder walls to the
coolant. It hes been shown that nearly all the hesat
tranaferred from the combustion gases to the cylinder
walls 1s transferred by forced convection. Heat may be
transferred from the cylinder walls to thé coolant either
by forced convection or, 1f the temperature of the coolant
1s sufficiently high, by a combination of forced convec-
tion and bolling.

Tests have shown that, in general, moderate bolling
or vaporization of the coolant in a liquid-cooled engine
has little effect upon the over-all rate of heat transfer.
‘Results of tests of an Allison V-~1710-81 engine at the
NACA Aircraft Engins Research Laboratory, Cleveland, Chio,
indicated that reducing the coolant pressure from 30 to
15 pounds per square inch absolute increased the heat
transfer not more ‘than about 3 percent, even though in
soms oases violent boiling ocourred. During the present
investigation of the Allison V-34,20-11 engine, preliminary
tests showed that varying the coolant t rature as much
as 80° F resulted in a variation in heat transfer approxi=-
mately equal to that which would be expected for a forced-
convection process, Some evidence indicates that with
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very violent bolling, particularly at low coolant flows,
the heat transfer 1s uffected tp.a.falrly large degree.
For normal engine oéperation, however, the effect of moder-
ate bolling may be neglected and in the present report

the heat to the coolant will be. considered to be trans-
ferred entirely by forced convection.

Dimensional analysis has shown and experiment has
‘verlfied that for heat transfer by foroed convection the
Nusselt number 1? is a function of the Reynolds number

Egl and the frandtl ndmbef —2—— Test data have

indicated that these functions are simple exponential
functiona for either laminar Llow or fully developed
turbulent flow; that 1s,’

AR n - -
. bl _ [PVl pké 1
P . (1)
where m and n are constant over falrly wide ranges
of Reynolds and Prandtl numbers, except in the transition

region between laminar snd turbulent flow. The rate of
heat transfer 1s glven by the relationshlp

H = hS(tf = tw) (2)

where 8 1s the surface area over which the fluld flows
end ty and ¢, are the aversge temperaturesof the fluid

and wall, respectively. Equations (1) and (2) may be com-

bined to glve
(pw) (gp ) (tf -ty) - (3)

For the heat transfer process from the combustion
gases ‘to the cylinder walls, 1 in equation (3) is some
representative interrial dimension of the cyllnder. Since
1 and 8 are constent for a partiocular engine and since
the engine-a;r flow ¥, '1s proportional to gV, the
heat transferred from the combustion gases 1s :
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b
a 5‘ 95"8 o
chc w : k. “(tg - tw) (L)
s

where t8 1s the effective temperature of the gases

within the cylinder over the entire e¢ycle and the values
of kg, g’ and cps are also effective values over

the entire cycle. It 1s indlcated in reference 1 that

kB
the value of the term —JL _E£_§f;) does not vary

hg"
appreclably with changes In engine operating condl-
tions. More recent dsta on the effect of temperature
and fuel-alir ratlo upon the physlcal properties of
mixtures of fuel and alr after comgustion (references 2

and 3) indicate that l&L -—Eﬁfg— may vary appreclably
l-"g -3
-with changes in engine fuel-air ratio. Since 1s also

a funetion of fugl-air ratlo, however, the varia%ione

kg

included in the effective gas temperature. Eguation ()
may therefore be written

D
of ga C"E gt may, to a first epproximation, be
g

Wé“ (tg = tw) (5)

where ¢ may be defined as the temperature that most
nearly satisfies equation- (5) and is a function of only
fuel-alr ratlo, intake-alr temperature, spark timing,
and exhaust back pressure. A large number of tests have
shown that equation (5) 1s very accurate for alr-cooled
engines; this equetion may be expected to be equally
accurate for liquld-cooled englnes.

The rate of heat transfer from the cylinder walls
to the coolent 1s, by a similar analysis,
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4

. . Cpn al
:..u-_r - &\, _k w o pe _c . R
"~ qu: We - & ( X, -/ (tw = tc)

4
_ e d K [Cpte '
Hy = AW, ;‘5(5“_1:;:) (ty = o) (é)
LI LR c . .

or

R , ‘cp ucgr
The value of the term T —-§ in this case depends
g c

upon the proportions of ethylene glycol and water used
as the coolant and upon ths coolant temperature.

Because of the heat generated by frictlon between
the plston rings and the cylinder barrsels, the cooling
of the plstons and barrels.by the oll, and the cooling
of the exposed surfaces of the cylinder block, the heat
tranaferred from the combustion gases to the cylinder
walls Hb 1s not equsl to the heat tranaferred to the
coolant “H,. It 1s assumed, however, that

Hccn Hé

-Therefore, from equation (5);

Hy = BW" (bg = ty) (7)

or

-

. H . )
Substituting tg - —2- for t_, 1in squation (6) ylelds
. B Bweg g :
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' e\
By = AW _lf%_ Cpc 6 )_, e - t - Hy
uo . kc Bwea

and

- 1
= + T (8)
“cé k, c

Equation (&) 1s used in the present report to correlate
the data obtalned on the V-3420-11l englne.

For a single coolant mixture and coolant tempera-
ture, the physical properties of the coolant are constant
and equation (8) may be rewritten as

t, - ¢
. —&H _-°—= 1 + 1 . (9)

ENGINE AND INSTRUMENTATION

The Allison V=3420-11 englne tested is a 2l -cylinder,
double~vee, liquld-cooled engine, having a normal-power
rating of 2100 horsepower at 2600 rpm end a military-power
rating of 2600 horsepower at 3000 rpm. The engine has
a compression ratio of 6.65:1, a propeller-gear ratio
of 3.1%:1, and a blower-gear ratio of 6.9:1. The impeller
diameter is 10 inches. The engine 1s equipned with a
Bendix-Stromberg PR58B3 carburetor. A view of the engine
nacelle as set up for the tests is shown in figure 1.

The coolant system for this engine installation had
two radiators, one for each half of the engine. The
‘coolant flow from each half of the engine was measured
by an annular-orifice flowmeter. A close agreement with
these flow measurements was obtalned from pitot-atatic
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rlowmaéers that measured the flow into the individual
eylinder blocks.

The coolant temperature rise was measured by three
thermocouples ascross each half of the sngine. The hot
and cold Junctions of these thermooouples were located
in the coolant piping near the engine outlet and inlet,
respectively., A hand-balanced potentiometer was used
to indicate the coolant temperature difference existing
between the hot and cold -junctions. In general, the
coolent temperature rise through the engine ias difficult
to measure accurately., - Some of the difflculty is due
to the faet that the over-all temperature difference
i1s small throughout the engine operating renge. Iimta-
tions in spece available for the installation of thermo-
couples present an additlenal prastical problem. The
accuracy of the method wsed in thayse tests 1s estimated
to be i percent. The tamperature of the coolant entering
the engine was measured by a reatstance thermometer in
conjunction with a apeoial microammeter.

A sketch of part of the coolant system, which shows
the points of flow and temperature measurement for the
left half of the englne, 1s given as figure 2. The
Instrumentation for the coolant system on the right half
oflthe engine was simllar- to that shown for the left
half.

Cylinder temperatures were measured by embedded
thermocouples and spark-plug-gasket thermocouples.
Embedded thermocouples were located betwsen the intake
valves, bstween the exhaust valves, and iIn the exhaust
spark~plug bosses (as shown in fig. 3) of cylinders 1,
2, 3, ﬁ, 5, and 6 of the left bank end 1, 3, and 6 of
each of the other three banks. (Cylinder~barrel tempera-
tures were not measured because of the difficulty of
installing thermocouples. The carbursetor-air temperature
was measured by two thermocouples soldered to the carbu-
retor screen.

The engine-air flow was measured by a callbrated
venturl (fig. 1). Fuel flow was measured by rotameters
and & welgh tank. Standard aircraft instruments were
used to measure manifold pressure and engine speed. A
special mercury U-tube manometer was.also used to measure
manifold pressure for some of the tests.
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METHODS AND'FESTS e

. Tests were msde-'with the following four coolaht
-mixtures: (a) 100 perce¢nt ethylene -glycol (AN-Eha),
“«(b) 80 percent by volume ethylene glycol (AN-E<2) and

" 20 percent water, (¢) 30 pércent by volume ethylehe

glycol (AN-E-Z) and 70 percerit water, and’ (d) water:

. In order to reduce coolant bolling during the tests
with the 30-70 mixture. gnd with water, the coolant system
was pressuriged by applying compressed air to the expansion
tank. A sight glass was .Installed to.indicate the coolant
level.. No appreclable increase ln the coolant level was
-observed during any of the tests -' an Indication that large
vapor pockets did not form.

The properties of the coolants were. obtatned from
reference 4. Curves showing these properties for mixtures
of pure ethylene glycol and water have been plotted from
the data of reference L and are presented in figure L.
Ethylene glycol (AN-E-2) was considered to be 97 percent
by volume pure ethylene glycol and 3 percent water, with
the effect of the inhibltor neglected.

The heaf rejection to the coolant was determined by
use of the following equation:

By = Wolp, AT, (10)

where AT 1s the temperature rise of the coolant
~measured gcross the engline.

The constant f in equation (6) was assumed ‘to. equal
0.}, as found by Sherwood and Petrie (reference 5). The
constants A and d were determined from a plot of

Eq

( poko )‘ﬂl(t ] .tc)

against W,/p, on logarithmic paper.. The term ty = 't
was found from the equation ) '

ty = te = 0.84(ty' - tg) (11)

-




MR No. L5DO3 | 11

where ¢t is the average temperature measured by the
thermooouples embedded in the oylinder block between the
intake valves, between the exhaust valves, and in the
exhaust spark-plug bosses. The factor O. &h was obtained
from wpublished data from tests at the Cleveland Laboratory
of an Allison V-1710 engine in which temperatures were
measured at various other polnts on the cylinder in addi-
tion to those between the valves and in the exhaust spark-
plug boss. It was found that squation (11) holds closely
for all operating conditions. Inasmuch as the cylinders
of the V=-3);20-11 end V-1710 englnes are nearly identical,
it may be expected that this relationshlip 1s also valld
for the V-3L20-11 engine.

No tests were made to determine the effects of spark
timing, exhaust back pressure, or inteke-alr temperature
upon ty. There 18 no provision on the V-3120-11 engine
for var%ing the spark timlng and all the tests were made
wlth normal spark timing. The exhaust back pressure was
approximately 30 inches of mercury absolute throughout
the tests. The results are not applicable, therefore,
at high altitude except for a turbosupercharger instal-
latlion with the engine operating at high powers.

It has been assumed that, es was found for the
cylinder head of an alr-cooled gngine (reference 6),
ts increases spproximately 0.8" per degree rise in

intake-alr tempereturs; that 1ls,

tg = tg + 0.8(t oy + Aty)

where t,.,., 18 the carburetor-air temperature and Aty

1s the blower temperature rise. The blower rise was
calculated from the following equation:

e
\'J
at, = —L&
. cpaJE
where cpa is the specific heat of alr at constant

pressure and V, 1s the impeller tip speed. For the
V-3420-11 engina, this equation may be written
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At, = 0.00001518°

where N 1is engine speed in revolutions per minute.

In order to determine the actual value of ty 8t

o
a fuel-alr ratio of 0.08, tests were msde at constant
engine operating conditions and varylng coolant tempera-
tures. Since, with constant ¥y, -

B Hccctg-tw

< by + 0.8(tyapp + Aty) = ty

tg, Wves found by plotting ty = 0.8(t qpp + At,) 2gainst

H, and extrapolating the resulting curves to H, = 0. for
which g

by = tw - 0.8(t,0pp * Atp)

The values of t, used were obtained from the eguation

t' = H° AN +1:c
N ke p:l"cs 5. d
d kc c
Ho

The coolant mixture used for these teats was 100 percent
ethylene glycol (AN-E-2).

Tests were made st various fusel-air ratios with
engine speed and englne-air flow held constant to deter-
mine the value of tg at fuel-alr ratios other than 0.08.

o)
wth t,, W,, eand Wy held constant, the value of tso
could be found for the different fuel-air ratios from the
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“éduation
A2 Constant

The valua of the constant was determinéd from the measured
values of &, and Eb at ‘a fusl=air ratio of 0.08 and

the valus of tso’i o;s(tcarb + 4tp) previously deter-
mined for a fuel-air ratlio of 0.08.
Tests were made at various engine speeds, engine

powers, end fuel-air ratios with each of the four coolants,
The value of

c 1
- - :
Hy Kg cpcp°s d
A da k o
1Y c
was determined for each test and plotted against Wy on
logarithmic coordlinates.

RESULTS AND DISCUSSION

" The plot of

Ho

G*h
Pa
koC (.t - tc) '

0

egainst W/, from which the values of 4 eand@ A of

equations (6) and (8) were determined 1s shown in fig-
ure 5. It may be seen that the slope d of the curve
of figure 5 15 not constant but decreases with increasing
Wo/lig» @8 18 usually observed .for the transition region

between laminar and fully developed turbulent flow.
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Separate values of 4 and A were selected from figure 5
for each of the coolants tested. These values are as
followsa:

Coolant mixture
(percent by volume)
d A
Eth 1ﬁeg_g§ycol Watep

100 o |0.34 309

80 20 .28 ' 728
30 T0 17 3,750

0 100 .095 | 11,600

The value of tgo at a fuel~air ratio of 0.05 was

determined from the plot shown in figure 6. On an average
the data indicate that tSo for the entire cylinder is

approximately 700° F. Becsause of thg large extrapolation
necessary in figure 6, values of 600° F and 800° F for

ts at a fuel-air ratio of 0.08 were slso used in calcu-

laging the test data. (loser correlation between the
heat rejection to the coolant and the engine operating
conditions _was obtained by using TO0° F than by using
either 600° F or 800° F. The data obtained by using

O 7 and 800° F are not given in the present report.

A value of spproximastely 900° ¥ for tso for the

entire cylinder of an alr-cooled engine was calculated
from data glven in reference 1 for a Pratt & Whitney
R-lghO-H cylinder and in reference 6 for a Wright -
R=1820-3 cylinder. The reason for the lower value of
700° F obtained for tg  for the V-3/;20-11 cylinder 1is

o
not entirely understood but this lower value may ln part
be due to better scavenging of the V-3420-11 cylinder,

which hes two intake uand exhaust valves with a compara-

tively large valve overlap of 65°. - Differences -in
eylinder construction, compression ratio, or spark
timing may also have contributed to the dilfferences .

in tgo between these englnes.
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The .effeat of fuel-air ratlo upon . tg 1s shown in
figure 7. Figure § shows

g

e _ 1
Hy . ko Pc“'c 0.4 N
A 'Ld' = Wo

2 c

plotted egainat W,. Some of the scatter in figure 8 can

be attributed to the limited aecuracy of the method used
to measure the coolant temperature rise.

The heat-tranafer equations obtalned from equation (8)
and figures § and 5 are as follows:

Coolan® mixtusse
(percent by volume) ‘
Ethylene Heat-transfer squation
glycol "ater
( AN-E-2)
t -t 0.
100 0 _Eﬁc 2- 2 5T - 1357, ~0+52
309 ( Pobe? x 03k
0 3H ]
t, -t -
0 | ® |H—=- T - 135,072
° ko Po*""'s 0.28
728 —5758 ¥o
ua L ]
t .-t -0- 2
30 | 70 |E—- - 135%, 52
T 17 o
t -t -0- 2
0 100 -5H°_‘_’ - oL = 1350, 2
1,600 —o(PeHoE) y 0.095
0,095 \ Xo e
Ho
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The values of the second term of these equations

1
0.l
A Ko <°p°p'°g> w.2
k. c ’
. u_cd é

for various coolant mixtures, cooclant temperatures, and
coolant flow rates are presented in figure 9. For con-
venience 1n the use of these curves, .

1
N0, )
A w d
l"_cd kc c

1s denoted by Z in figure 9.

The small effect of changes in coolant flow rate and
coolant propertles upon the engine heat re jection may be
seen from the foregoing heat-transfer equations. The
value of the term

1
0.l
309 —2 CP"pcg) w 0-3h
c
i pco°3h kc

for 100 percent ethylene glycol %AN-Ega) at normal power

is approximately 0.20, whereas &£ 1is approxi-
H

o
mately l.15. An increase 1n coolant flow W, of 50 per-
cent results In an increase in heat transfer of only
2.5 percent 1f other condlitlions remain constant. A
change in coolant to & mixture of 30 percent ethylene
glycol (AN-E-2) and 70 percent water results in a value
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of -

o 1 -
n 0.4
K %p,to h
3750 Q. _-° W 0.1
0.17 k, °
Ho
of approximately O. lhs, which would cause &n increase 1n
heat trensfer of about 5 percent.

The variation 1n average cylinder-wall temperature

tw with chenges in coolant flow rate or soolant properties
may be foynd from the resulting chenge in H, and from

the equation

H, =_BW6a(ts,' tw>-

If Vg is consteant, . ‘

Because of the small effect upon the heat reJaotion

of variations 1In
O'h

wlth changes in coolant flow rate and average senglne
coolant temperature t,, the test data for individual
coolant mixtures may be plotted.as shown in figure  10.

Ho
- t
from which the. heet rejection Ec may be determined with

only a .amell saorifice in accurscy much more easily than
from figure 8.

By plotting against Vg s - curves-are-obtained
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It was assumed in the analysis that the heat generated
by friction between the plston rings and the cylinder
barrels has little effect upon the heat rejection to the
coolant. Tests were made with constant engine-air con-
sumption at varlous engline speeds to determins the error
%gvglved In the use of this assumption. The data indicated

a

H 0.4
c . .Ec_ ucs)

decreases slightly with increasing engine speed, but an
accurate evaluation of this effect was not possible
primarily because of the limlted accuracy of the method
used to measure the cocolant temperature rise.

In order to relate the cooling characteristics of
the engine to variables measured by the usual englne
instruments, calibratlon curves of wb and Wy 4are pre-

sented 1n figures 11 and 12, respectively. Flgure 11l
shows that the proportions of water and ethylene glycol
veed for the coolant heve little effect upon the rate of
coolant flow. 1If cavitation occurs at the coolant pump
Inlet, however, the flow may be considerably less than
that shown 1n figure 1ll. In preparing figure 12, the
engine-alr flow W, was assumed to be a function of
only the engilne speed, manlifold pressure, exhaust back
pressure, and the sum of the absolute carburetor-air
temperature and the blower température rise

toart ¥ 460 + At,. Data. from the Allison Division of

General Motors Corp. indlcate that the englne-air flow
varies inversely as Vgﬁarb-+ L4160 + Aty . Curves of

w .
2 against engine speed are plotted in

tharb + 460 + Aty

figure 12 for various manifold pressures. Throughout
the tests, the maximum difference between the measured
engine-alr flow end the corresponding values gilven by
figure 12 was less than l percent, No data were avail-
able concerning the effect of exhaust back pressure upon
engine-alr flow.
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"~ ""The variation of brake horsepower with engine opera-
ting conditions may be determined from the following
empirical relation obtained from the Allison Division:

' K
Bralte horsepower = . E; - 700
toarh - 8o F
- 10
where '
Pm manifold pressure, lnchesof mercury absolute
toarb ocarburetor-air temperature, °F
Ky correction factor for englne speed (fig. 13)
Kp correction factor for .fuel-air ratlio (fig. 13)

The data obtained during the tests are presented
in table I.

APPLICATION

Through the use of the curves presented 1in the
present report, the heat rejJectlion to the coolant for
ths Allison V-3,20-11 engine may be determined for any
particular engine operating condition. The followling
example, based on englne operation at military power
(2600 bhp at %000 rpm end & manifold pressure of L4.5 in.
of mercury absolute), 1llustrates the procedure:

Typlcal operating conditions assumed are

Carburetor-air temperature, tygpnps. °F ¢« = « « « + « . 80

F‘uel'air ratlo o s s » s o a o s & 8 » s o @ 0-095

Coolant temperature out of englne, °F . . . . . + . 250

Coolant mixture . « . « « 7O percent by volume ethylene
: : glyéol (AN-E-2) =~

For englne operation at 3000 rpm and Lli.5 inches of
mercury absolute, figure 12 Indlgates that

Wé' .

e ;.697
Wtcarb + EZO + Atb
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The blower temperature rise 131

2
Vi

Ppaqg

At’b s

0.00001518°

i

135.9° F

Solving for the englne-alr flow ylelds

W, = 69711:3&1_b + 1160 + aty

697y80 + L60 + 136

MR No. LSDO3

0.0000151(3000)2

18,100 pounds per hour

" For an englne-air flow of 18,100'pounds per hour

(fig. 8),
t, -~ ¢
g c 1
- 0.1
H (v}
¢ kc (:pbpu W a
d k c

U'o G

In order to detarmine the value of

0.4
d k. c
Ke (¢]
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it 18 necessary to know the coolant flow rate W, eand the
average engine coolant temperature t,. From figure 11,
Y, = T8 pounds per second at 3000 rpm. It was found during

the tests that the average engine coolant temperature was
approximately 5 F lower than the coolant temperature out
of the englne aver a widg range of operating conditlons;
therafors, let t, = 24,5° F, Then, from figure 9(a), for
a coolant mixture of 70 percent by volume ethylene glycol
(AN=-E-2), a coolant flow rate of 78 pounds per second, and
an average engine coolant temperature of 250° F, the term

1
0.4
c
d K, ¢

denoted by . 2 t ¢ =250) 1s equal to 0.160. In order to

correct this term to the desired value of t,, 245° F,
for the same W, and coolant mixture, the correction
factor F 1in figure 9(b) 1s found to be 0.993. Tharefore,

zZ = FZ(tc=250)

0.993 x 0.160

0.159

Then
£, - &g
£ 2 _ 0.159 = 0.820
Hy
or '
= g - to
0.979
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For & fuel-air’'ratlo of 0.095, &, = 649° F from
0
flgure 7.
Then

ct
i

g = tg, * 0.8(toapp + Aty)

L9 + 0.8(80 + 136)

il

= 822° m
Since t, = 245° F,
g =g e
(]
0.979
- 822 ~ 2&5
0.979

589 ‘Btu per second

The Alllson Division guarantees that the heat re Jec-
tion to the coolant at military power shall not exceed
608 Btu per second, which is approximately 3 percent above
the heat rejection calculated in the preceding example.

CONCLUSIONS

As a result of an analysis made of the heat-tranafer
processes in liquidecooled engines, an equation has been
developed that relates the hsat rejection to the coolant
and the engine operating conditions. Tests of an Allison
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Vv-3420~11 engine over a wide range of operating conditions
and for several coolant mixtures showed that:

1l. By determining the oconstants of the equation, the
heat.rejection to ths coolant may be predicted with good
accuracy for any particular operating conditlon.

2. The rate.of coolant -flow had only a slight effect
upon the rate of heat dissipation to the coolant; also,
the effect of the relative proportions of ethylene glycol
and water composing the coolant mixture upon the heat-
dissipgtion rate was small.

"%, Changes in engine friction with engine speed had
.a small effect upon the heat rejection to the coolant; an
accurate eveluation of this, effect was not made.

L. The effective gas temperature for an entire
cylinder of the V-3420-11 engine was approximately 700° F
forog fuel-air ratio of 0.08 and an intake-air temperature
of .

2

Langley Memorial Aeronautical.Laboratory
National Advisory Committee for Aeronautics
Lengley Fleld, Va.
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[Englne serial no. L2-271081; compression ratlo, 6.65 to 1; spark timing, intake 28° B.T.C., eahaust 34° B.7.C.:
carburetor, Bendix-Stromberg PRSEB3; fuel, AN-F-28; ofl, AN-VV-0-L46, grade 1120]

&ABLE T.- RESULTS OF TESTS OF ALLISON V-3420-11 ENGINE
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TABLE T.- RESULTS OF TESTS ON ALLISON V-3420-11 ENGINE - Continued

Cylinder-wall
t-npgratun
Average (°F)
Mani fold| Engine [Carburetor-|Barometric| Fuel Engine- Fuel-| Coolant- |Coolant | Engine coolant |engine |Engine coolant Engine 011
Test|pressure| apsed alr tem- pressurs flow air flow alr {system tempera- | temperature rise|coolant flow Sparkeplug-| heat tempera-
{in. HAg | (rpm) | perature (in. H, (1b/hr)| (1b/hr) | ratiojpressure |ture intol (OF) tempera- (1b/sec) Embedded ;| gesket |rejection|ture into
abs. {°F) abs. 1b/sq engine tgre thermo- thermo~ {(Btu/sec) sngina
in., gage) {OF) Left| R ght| AV {°F) Left| Right Tota)] COUple couple (SF)
half! half . helf| half 1
Av.[Max. | Av. |¥ax,
24.0 1500 6 0.2 2 4250 0.069l 20 11.9|11.9 | 12.9 | 211 19.4]17.5{ 36.9| 306(374 | 261|288 330 161
EE 22.1 1'?10 ;1 go.z :3? 5530 0733 20 11.6{10.8 | 11.2 211 22.2{20.0 .2 323 93 231 299 585 §g7
5 37.1 2595 9 30,15 1305 15280 .og 3 203 10.9/10.1 | 10.5 209 %3.6/30.2 | 63.8] 35 9 §8§ 5%5 2 165
5 3c.0 2[,00 0 30,19 1001 11490 | .0872 205 11.0/10.5 | 10. 210, [32.6]29.1 | 61.71 350|L43 323 91 165
5 35.0 | 2250 82 30.11 8Ls | 10100 | .0836 20 11.g 10.5 | 10. 209" [30.6/27.5 (| 58.1 5h7 EB‘% 27 3% ﬁz 165

5 32.1 2150 8l %0.09 Z} 9330 .0787 20| 11.811.1 | 11.0 210 28.2 26.1 EJZS 3 Z 50 278 3 0 hlg 165

9 28,2 1850 87 20.06 7 8680 | .0712 20l 12.1(11,3 [ 11.7 210 2. 6|22.2 8133 78133 43 165

0 18.0 1165 8o 30.09 157 1810 | ,0867 205 9.1 9.3 9.2 210 116;.2 12.6 1 26.8]2 07 | 237(255 5 65
61 21,0 1300 80 30.10 221 2860 | .0773 205 10.6{11.0 | 10.8 211 16.7| 1.9 | 31.6 | 290 332 19 |271 257 167
62 17.0 1005 8o %0.10 126 1400 | .0900 20 7.7 8.4 | 8.1 209 13.711.2 | 24.9 2?3 29l | 230|247 151 165
6 20.0 1200 8o 20.06 18 2220 | ,0851 20 9.1 9.3 | 9.2 211 15.7[13.6 | 29.3 | 2 21 22 257 202 16
é 30.1 2200 8 30,07 0 8760 | .080L 20l 10.6(10.3% 10.5 210 29.6|27.0 | 56.6| 333| L) 26 319 lé
[3 30.0 2200 8 30.0 10 87h0 | .0927 203 10.3( 9.3 [ 9. 208 29.6127.1 | 56.7 | 323|LO 267 50% las.z ié
6 20.2 2200 8 30.0 6 8710 0705 20% 11.511.1 | 1l.0 209 29.6/26.9 [ 56.51 3l 272 33 L 162
& 20.3 2200 8 30.0 5 8670 0655 20 10.3112.0 | 11.1 210 29.6|26.9 | 56.5 | 3351411 | 276|312 14.21
6 50.2 | 2200 88 30,00 58], 8700 |.0671 20 10.6{11.5 |11.0 | =209 29.12 26.8 | 56.2 336|h15 | 272|292 L 2 181
69 30.0 2205 89 30.0l 587 8690 0676 20l 210.2{ 9.4 | 9.8 209 29,6/26.9 | 56.5 | 322|407 | 263|283 179
170 30.0 2200 86 30.0l 56l 8700 205 10.7| 9.7 |10.2 210 29.6|26.9 | 56.5 | 326|411 | 268|287 L33 161

Coolant mixture, 100 percent by volums ethylene glycol (AN-E-2)

1 .0 2600 8 29.7 1258 12110 0.09 204 12.0(10.9 | 11, 210 52.6/28.5 | 61.1 | 361{463 | 300]366 166
;2 §7.o 2l,00 Bﬁ 29.75 1020 11540 .o9fg 204 12.4]13.2 | 11, 210 31,4027, Eg.e 261{461 285 366 12
7 256.1 1700 89 29.7 38L ] .0707| 204 13.2[12.7} 13.0 211 22.6[13.9 .5 33 2 | 285 (33 ht
7 2%.0 95 31 29.74 261 780 | .0699| 205 12.1]12.0 | 12.0 211 19.5|16.6 ié.l 319|388 | 273|311 171
7 28.1 1850 N 29.74 275 6690 | .o719| 205 12.3112.1 ) 12,4 211 2h.5121.7 | 6.2 | 238|L32 | 2 g 340 1
7 32.1 2150 82 29.72 91 9280 | .07L5 205 12.7|12.3 | 12.5 212 28.7 25.)2 5h.1 | 3591k g 298|366 12
7 20.1 2000 82 29.73 552 7970 | .0692) 205 12.1 13.3 12.7 211 26.712%. 50.3 356 297 (357 1&
7 20.1 | 2000 8L 29.73 553 7970 | .069L] 3 11.8112.h [ 12.1 229 26.2 23.2 ﬁo. 570|465 | 206|367 16

9 30.1 2000 82 29.ga 332 7970 | .0692) 186 13.6{14.0{13.8 193 26.5)23. Z.B 3,7 hhz 282|347 165

0 30.0 2600 au 29, " 10010 | .0803 20 . 3 210 31.3127.3 | 58.6 | 359|L 29413 8 159
81 20.0 1300 b 29.89 21l 2620 | ,0817 20 . 211 16.9]13.6 | 30.5| 296[3h1 | 252|271 1z2
82 17.0 1000 8L 29.86 129 1460 | .088L 206 210 12'3 10.6 [23.1 | 263|302 236 256 1
8 17.0 1100 90 29.98 152 1610 | .0839 20 210 13.8(10.7 | 2 2 2771313 | 2|3 |262 16
8 18.0 1200 0 29.97 1 1630 | .0957 20 20 15.3112,% 1 28.6 | 282|325 | 251j271 172
38 28.0 2600 3 30.20 lg 13430 | .0999 204 11.1/20.6 10.3 20! 35.0(30. éz.h 360|145 | 289 158
8 33,1 2250 83 20,19 57 10070 0851 205 12.0110.8 | 11. 211 30.1126.6 | 5 Z 359|450 | 292|362 158
8 17.1 960 8 %0.19 11, 1120 1018 20 B ol 20" 11.9] 9.7 |21.67 2531292 | 227{239 1
8l 16.0 1200 8 30.20 129 1610 0863 20| 8.9 9. 9.1 20 15.3 .2 |%0.112751315 | 2401299 16
89 28.5 2200 8l 30.19 55 7940 0700 20 11.1112.8 | 1.4 210 29.h {2 Z Esg 36111 | 2791362 159
90 20.1 200% 87 20.19 264 2 0698 20% 10.4]10. | 104 208 26.h[e3. 9.8 | 31213287 | 267|315 161
91 18.0 1700 87 30,19 zog 28L0 | J0722 205 9.9] 9.9 9.9 210 22.1(19.4 1 41.51 297|355 | 25L (287 16l
92 17.0 1500 8s 30.19 1z 2310 | .0771 205 K.z 9.1 Z.z 209 19.4(17.1 | 36.5 | 285!330 | 2 'g 26 16%
9 30.1 1495 83 30.02 hg 6260 | .o7hé 205 1 % 13.8 | 1f.1 212 19.2 16.9 | 36.2 5&3 7 | 2863 16

19 28.7 1650 86 30.02 L6 6260 | .07h8 205 13, 8|12, [ 1%, 6 212 20.6|19.0 6|3 hzg 28513, 160 -
95 27.5 1800 85 30.02 Léo 6270 | L0748 20 12.9[12.4 12.2 212 aig 21.1 8133 283 (311 16;
96 22.0 2600 82 29.98 u63 6260 .o7hg 20 .8 9.5 1 9. 211 3}.81%0.3 63'1 3221398 | 27L.|336 165
9 22.5 2500 83 29.98 L6 6260 205 10.1{ 9.9 {10.0 210 34.113%0.2 g 3211397 | 272 (330 153
9 23,0 2[00 80 29.98 169 6280 oht 20 1o.ﬁ 9.7 1 10.0 210 22,8129.0 [ 61.8 | 318(35L | 271|329 15
99 23.6 2250 9 29.8 470 6270 0750 20) 10. 10.3 10.4 209 20,0|26.8 | 56.6 | 325(L00 | 282339 15
100 2%.0 2100 1 29.8 L70 6270 | .0750 205 11.0(10.8 | 10.9 210 27.812,.7 2.2 x27| 40 280|335 157
101 26.1 1950 83 29.86 10 6260 0751 205 11.9 11.18; 11.7 211 25.7 aa.?L 8.6 | 331|L1 2781335 1
102 18.0 2000 83 30.20 296 2660 080 206 8.7/ 8. 8.5 210 26.3023.L | k9.7 | 301 ﬁs 2581293 162
10 26.1 2000 8% 20.20 52% 8L80 080 20l 11.1|10.4 | 10. 209 26.0123.5 149.9 | 333141 280}332 166
19 3L.2 2000 86 30,20 757 9Lho 0802 20l 13.3(11.h | 12.4 210 26.4h23.5 | 15.9 | 361(L468 | 298|269 165
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TABLE I.- RESULTS OP TESTS ON ALLISON Y-3420-11 ENGINE - Concluded

Cylinder-mall
tempsrature
(°F)
Man!fold |[Engine [Carburetor- (Barometric| Fuel Engine-| Fuel-|Coolant Coolant Engl lant :Xerage Engl lant Engine 011
- - - ne c¢no ne ne oolan
Test|pressurs|speed | air tem- pressure | flow |air flow| alr [system tempera- teug\perature rise coglant 8 ?J' Fabedd Spark-plugq heat tempera-
{in. Hg |(rpm) | perature (1n. H {1b/hr)| (1b/hr) |ratio|pressure |ture into (OF) tempera- (1b/sec) iy edded| gasket [rejectlion( ture into
abs. ) (°F) abs. (1b/sq engine ture ormo- 1 thermo- I(Btu/sec) engine
1n. gege)| (OF) |Lert|oignt , | [OF) [Left|Right|q o | O0UP® | couple (OF)
halflhalf half half Av.] vax. Av_lnx_
Coolent, water
105 22.1 1600 82 30.1 280 3830 Dp,0731 5 178 8.2} 8.2 8.3 182 21.3(19.9 [41.2 | 25630 21, ] 230 16
106 26.1 2000 86 20,1 h72 6lBo .0735 5 176 8.% s.g 8.6 180 26.3 as.% 52.3 278 51;3 2;.1; 2 hi 16
10 28.2 2205 91 20.18 5 7990 | .0721 2 176 8.8| 8. 8.8 180 30.0{29.8 | 59. 289|357 | 229 8 172
10 18.0 1200 93 20.18 161 1940 [ 0830 178 Z.z 7.6 Zg 182 15.8|14.5 [ 30.3 | 230|261 | 202|216 225 172
209 17.0 1000 93 30.17 123 1290 | .09 5 177 NN g.z . 101 12.9)12.1 125.0 212 243 | 195({207 171 163
110 30.0 24,00 91 30,14 T2 9300 | .07 10 181 3.7 g 8.0 185 53.7 31.8 [ 65.5 | 296)360 | 233|257 526 165
111 20.0 1400 1 30.1 21} 2830 | ,0756 E 178 .11 6. 8.5 182 18.4117.1 | 35.5 | 2hola279 | 20L]220 30 176
112 32.1 2600 6 30.1 1000 10880 | .o0919 1 194 7.2 z.; 7.2 198 37.0|34.1 21.1 300|3 20262 1 161
11 zh.1 24,00 0 30.18 1037 11150 | .0930 13 192 7.9] 6.7} 7.k 196 5z.8 32., | 66.2 { 301(37 2l0(26: E 2 16]
11, 36.9 2500 3 %0.18 1260 0 1013 ===-====~ 195 g.g 6.7 g.} 199 3},.8|31.0 [ 65.8 | 298|375 | 236|2 3 1
11 30.0 2000 8 30.18 692 8040 | .0860] ~====m==- 195 g 7.5 it 199 27.2/25.8 j5%.0 1 295 237|259 k31 1563
11 30.1 2000 8| 20.18 692 0 0860] «=======x 1 z 8.8] 7.7 8.2 191 27.3|25.7 | 53.0 | 287|355 | 230 136 161
11 39.1 2000 87 30,18 691 8020 0862[ -=--~~-== 17 6.3] 7.9] 8.1 180 27.2|25. 22.7 2791347 | 220 428 16l
11 2h.2 1800 8 70,18 hz2 5090 o8L9 13 178 e.1{ 7.51 7.8 182 2h.1(22. 6.2 2541319 | 211(23% 562 165
119 2h.1 1800 B8 30.18 432 0 | ,0850 13 186 8.2 7.1 7.6 190 2h.1 22.2 L6.6 | 2671322 | 217|237 5 165
120 2.1 1805 88 30.18 L32 5080 0850, 13 195 8.1 7.2| 1.6 199 2h.1122.6 | 46.7 | 271]328 | 2252 25 161
121 2.2 1800 9l 30.17 32 to70 0852 13 202 7-71 7.3 7-5 206 2l.3|22.9 {h7.2 | 275|337 | 230 55 160
Coolant mixture, 30 percent by volume ethylene glycol {AN-E-2}
122 20.0 14,00 92 30.08 213 2800 | .0761 13 177 8'1 8.6| 8.9 181 18.2)16. 3&.3
12 20.0 1L00 93 20,07 212 2800 | .0757 13 195 .51 8.7| 8.6 199 18,2|16.6 | 3).
12 20.0 11,00 83 30.05 212 2800 .og27 13 213 5.2] 8.2 8.2 217 18.0[16.7 | 3L.7
125 22,1 2600 1 30.1 9o 10910 | ,o0861 13 196 8.1 5.9 8.0 200 26.0(33.6 | 69.6
126 zh.1 2400 82 30,1 g g 11140 | ,086 1 195 9.3| 8.6 8.9 199 33,1{30.7 | 63.8
12 36.0 2500 80 %0.13 131 12340 | .090 1 19 10.0| G.0{ 9.0 200 3§.9 z2.2 | 67.1
12 38.0 2600 17 30.18 1280 13500 | ,09L8 1L 19 9.3| 8.2 a.g 200 36.7 35.3 70.6
129 28.1 2200 2 30.19 600 7880 | .0762 1% 196 9.3| 8.3 8. 200 23.9 1. z.'{
130 2h.0 1800 5 30.1 359 L980 | .o721 1% 195 g.l 8.2| 8.6 200 2h.0l22.2 2 .2
131 2ha 1800 5 30.1 359 L9Bo | .ot21 13 212 .8| 7.9 8.4 216 24.0122.3 | 46.3
132} 2h.2 | 1800 5 30.18 0 2960 .07260 13 177 9.1 3.1f 9.1 ] 182 22.0 22.5 | 6.3
13 26.1 2000 7 30.17 8o | .o759 13 195 Ba g.9 g.l 200 26.6(25.9 22.5
13 30.0 24,00 82 30.09 T 9h8o | .0810 13 175 . B.E A 162 33,1(30.5 3.6
13 30.1 2400 82 30,09 68 9libo | .0812 1% 213 5.2 8. 8.3 217 33.5131.0 | 6L.5
13 20.1 21,00 83 20.10 65 9460 | .0808 13 196 8.6| 8.5 8.6 200 33.0(30.7 23.7
13 30.0 2,00 85 30.11 65 9hho | .0810 19 8.5] 8.5 e.a 199 23.6 30.2 .1
13 30.1 2Loo 85 30.11 62 ohLio | .0810 [ 19 B'ﬁ §.7| 8. 199 32.3 az. 61.9
179 18.0 1200 8l 30.1% 1], 1950 .ozhg 13 19 7.4 8.L{ 7.9 200 15.4j14.2 29.2
145 22,0 1690 8x 30,13 23 3760 | .0643 13 195 e R ol e 200 21.1{19.5 | 4O.
141 17.0 1060 83 30.13 122 1310 | .0931 13 195 6.21 6.6 6.4 199 12.6111.7 1 24.3
Coolant mixture, 100 percent by volume ethylens glycol (AN-E-2)
142 30.0 2200 73 30.28 13 8390 p.0B01 208 o ELT e 213 29.7(26.5 [ 56.2
1l 30.2 2200 73 30.28 72 8390 | .o80Y 2%& 11.0{10.1 | 10.6 252 27.6|25.0 | 52.6
1, 20.5 2200 72 30.28 72 8%70 | .08o3 2 9.6] 8.7 9.1 272 30.3|27.8 1 §8.1
1h2 30.0 2200 7 20.30 72 B}EO .080 185 12.6(10.9 | 11.8 191 29.126.0 52.h
T 30.2 2200 ks %0.30 672 8340 | .o80 231 11.9] 9.4 0.6 236 29.8]26.), E .2
mg 28.0 1800 b 30.30 506 6310 ( .0802 231 11.3! 9.5 10"2 236 23.9121.5 bﬂg
14 28.0 1800 72 20.2 506 6310 | .0802 } 163 11.9]11.3 | 11. 195 23.7120.9 .
149 28.3 1800 7 30,2 506 6210 | .0802/>5 to 15 2 10.5 8.3 9.7 272 23.,9121.7 {45.6
150 28.2 1800 57 %0.28 05 6310 | .0800 7 10.7{ 9. 10.3 2 2[,.0|21.6 | 45.6
151 28.0 1800 3 %0.28 06 6270 0807 177 13,5111, 4 | 12. 1 23.5(20.8 4.3
152 32,3 24,00 73 %0.16 35 10450 0799 209 11.7/10.0| 11.2 2 22.0]29.5 | 61.7
15 32.2 2400 1 30.15 835 101,00 080! 191 13.3/10.6 | 12.0 19 32.5/29.2 | 61.7
15 32.6 2400 59 50.13 835 10390 | .080 231 11. 9.2 10.7 23 32.7129.8 [ 62.5
15 32.2 2,00 1 z0. 835 10370 0805 g 10.6) 9.6 10.1 254 32.5/29.8 62'8
15 22, 2,00 8% 30.13 835 10350 08 \ 2 10.7| 9.31 10.0 273 21.1128.7 [ 59.
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Figure 1.- Engine-nacelle test setup for cooling tests of the Allison

V-3420-11 engine.
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Yrom right helf of engine——-
To right center bankj
To right bank

/r—Hot junetions \ Q&

R, \7&\\
B o0~ IR

~._Left radiator

=3 Thermocouples g o

- , across ~

5 _ ))Bn)’jz. left half
Cold junctions

Sight glass

\\\

. Expansiorli‘."(anks

Resistance thermometer for
engine-in temperature

1
Frem right half of engine—
L (Coolant flowmeter

Figure 2 -Location of codiant flowmeter and thermocouples
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Head between intake —
valves; l—in. drill,

8
2% in, deep, measured

from face of intske
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— Head between exheust

4 valves; 1—in. drill,
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from face of exhaust
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